[1] We analyze the characteristics of ambient noise recorded on ocean-bottom seismographs using data from the 2009-2010 MOANA (Marine Observations of Anisotropy Near Aotearoa) seismic experiment deployed west and east of South Island, New Zealand. Microseism and infragravity noise peaks are clear on data recorded on the vertical channel of the seismometer and on the pressure sensor. The noise levels in the infragravity band (<0.03 Hz) on the horizontal seismometer channels are too high to show the infragravity peak. There is a small difference ($0.25 Hz versus $0.2 Hz) in microseism peak frequencies between the two sides of the South Island on all three seismic channels. Our results show clear depth dependence between the peak frequency of infragravity waves and the water depth. We find that the product of water depth and wave number at the peak frequency is a constant, k o H = 1.5. This relationship can be used to determine the variation of phase and group velocity of infragravity waves with water depth, and the location of the infragravity peak and corresponding noise notch at any water depth. These estimates of spectral characteristics, particularly low noise bands, are useful for future OBS deployments.
Introduction
[2] Studying seafloor ambient noise is important for both improving the performance of ocean-bottom seismographs (OBS) [e.g., Webb, 1998; Collins et al., 2001] , and understanding the generation and propagation processes of oceanic noise sources [e.g., Webb et al., 1991; Bromirski et al., 2005; Dolenc et al., 2005 Dolenc et al., , 2008 . Webb [1998] presents a comprehensive review of seafloor noise in the seismic band. In general, seismic noise can be separated into three different bands: higher than 1 Hz, 1-0.05 Hz, and lower than 0.05 Hz. Microseismic noise dominates between 1 and 0.05 Hz, which is the result of nonlinear-wave interaction of windgenerated ocean gravity waves, including the "double frequency peak" [Longuet-Higgins, 1950] and "single frequency peak" [Hasselmann, 1963] . Below 0.05 Hz, noise levels increase abruptly and the noise from infragravity waves dominates [e.g., Webb et al., 1991] .
[3] The Marine Observations of Anisotropy Near Aotearoa (MOANA) is an ocean-bottom seismic experiment carried out offshore the South Island of New Zealand that was designed to explore the rheology and deformation in the lithosphere. The OBS stations were deployed from the deep ocean to the continental slope at depths between 550 m and 4700 m ( Figure 1 and Table S1 in the auxiliary material), providing a good opportunity to study the variation of seafloor ambient noise with depth. 1 In this study, we conduct a noise analysis for the MOANA data set in order to quantify and characterize the ambient noise levels at each site, with a particular emphasis on the infragravity wave band.
Data and Method
[4] As part of the MOANA experiment, 30 OBS were deployed for one year (January 2009 to February 2010) west and east of the South Island, New Zealand. The OBS are part of the U.S. Ocean Bottom Seismic Instrument Pool (OBSIP), and the instruments used were provided by the Scripps Institution of Oceanography (SIO) Institutional Instrument Center (IIC). In addition to the OBS sites, four broadband seismometers were deployed on the South Island of New Zealand (Figure 1 ) as land references for the OBS.
[5] Of the 30 OBS, 29 were equipped with a Nanometrics Trillium 240 broadband seismometer, and one was equipped with a Nanometrics Trillium 40 intermediate-period seismometer. All 30 OBS carried a Differential Pressure Gauge (DPG) [Cox et al., 1984] . All stations were planned to record continuously for a year with a sampling rate of 50 sps before being recovered in early 2010. The seismometer on station NZ01 malfunctioned throughout the deployment but the DPG functioned normally. Station NZ15 was trawled up by a New Zealand fishing vessel in June/July 2009 (J. A. Collins et al., unpublished MOANA Recovery Cruise Report, 2010) and fortunately both instrument and data were recovered. Station NZ17 washed ashore at an unknown date and was recovered in 2011. Data from the rest of the OBS stations were recovered from January 2009 to February 2010.
[6] We carry out our noise analysis using the software package PQLX [McNamara and Buland, 2004; McNamara and Boaz, 2006] . This package uses probability density functions (PDF) to display the distribution of seismic power spectral density (PSD) [McNamara and Buland, 2004] . This approach has several advantages over the traditional PSD analysis. First, it does not require the screening of the continuous waveform for days without transient signals. These transient signals (earthquakes, data gaps, clipping, mass re-centering, calibration pulses, etc.) are generally low-probability events, and are thus easily distinguished from ambient seismic noise [McNamara and Buland, 2004] , and do not affect the high-probability characteristic ambient seismic noise observed in PDFs. Second, PDFs for a specific station present a range of PSDs, which gives an overview of noise level fluctuations, providing much more information than a single PSD. [7] PSDs for each seismic channel (BHZ, BH1, and BH2) at each station are computed from continuous, overlapping (50%) one-hour long time series segments. For each time segment, instrument responses are removed from data to generate ground acceleration for direct comparison to the new low noise model (NLNM) and the new high noise model (NHNM) of Peterson [1993] . Each one-hour long time series segment is divided into 13 sub-segments, overlapping by 75% in order to reduce the variance of final PSD estimation [McNamara and Buland, 2004] , which leads to a stable spectra up to 100 s. For every sub-segment the mean and the long-period trend is removed, the time series is tapered with a 10% sine function, Fourier transformed to obtain the amplitude spectrum, and the amplitude is squared to obtain the power spectral density (PSD). The PSDs are gathered by binning periods in 1/8 octave intervals and binning power in one-dB intervals. To construct an empirical PDF, each period-power bin is normalized by the total number of contributing segments. For the DPG channel (BDH), we calculate the PSDs using Matlab codes, and for the seismic channels we use the PQLX software.
Comparison With Land Stations
[8] At land stations, noise between periods of 0.1 and 1.0 s mainly comes from wind turbulence and human activities [e.g., Withers et al., 1996; Wilson et al., 2002] . As OBS stations are underwater and often far away from coasts, OBS stations are usually quieter than land stations over this frequency band [e.g., McCreery, 1992; Bradley et al., 1997] . Particularly, the vertical channels of deep ocean stations (4000 m and deeper) in our experiment are quieter by up to 30 dB than those of land stations in the short period band (<0.2 s) (Figures 2 and 3a ; see also Figure S1 in the auxiliary material). Horizontal components are relatively noisier than vertical components. The ground response to local fluctuations of atmospheric pressure contributes significantly to long-period (>20 s) background noise of land stations [Sorrells, 1971] . Oceanic infragravity waves are the dominant noise source for vertical-component OBS data at periods longer than 30 s (Figures 2 and 3) . Tilting of the seismometer brought about by seafloor currents results in very high noise levels on the horizontal components. [Webb, 1988; Collins et al., 2001; Duennebier and Sutton, 2007, and references therein] (Figure 3 ).
[9] Between 1 s and 20 s, the PSDs are dominated by microseismic noise (Figures 2 and 3 ). The broad noise peak at 4-8 s with high magnitude is called the "double-frequency peak," and is caused by nonlinear interaction between the oceanic waves of equal period traveling in opposite directions [Longuet-Higgins, 1950] . The amplitude of the double-frequency peak on the ocean floor is higher than that seen on land stations by about 10-20 dB [10log(m 2 /s 4 /Hz)] (Figure 3 ). The amplitudes of the double-frequency peak seem to be related to station depths, e.g., the deep sea stations, which are further from the ocean surface, have smaller amplitudes ( Figure S2a in the auxiliary material). However, when station depths do not differ a lot, the amplitude can be affected more by other factors than the depth (Figures S2a and S2b in the auxiliary material).
[10] The second microseism peak with lower amplitude and longer period (10-16 s) is known as the "single-frequency peak" (Figure 2 ). The origin of this peak is associated with ocean waves converted directly into seismic energy by striking the coast [Hasselmann, 1963] . Figure 3 shows that the amplitudes of OBS stations' single-frequency peak are smaller than those of land stations by up to 20 dB. However, Stephen et al. [2003] observed similar amplitudes of the single-frequency peak at OBS and island stations. We did normal mode calibration (see details in section B in the auxiliary material) for the seismic sensors to further test the instrument response parameters. The results of the normal mode calibration suggest that the nominal instrument response may be too large by a factor of 4 but cannot rule out possible site effects. Assuming this is a frequency-independent factor, the corrected PSDs with this factor of 4 will be 16 times of the PSDs shown in Figure 3 , leading to a DC up-shift of 12 dB on the log-log plots over all frequency ranges, i.e., bringing the PSDs up by 12 dB.
[11] On the other hand, Hedlin and Orcutt [1989] show that the noise levels of the single-frequency peak among island stations can be highly variable in both amplitude and frequency due to the interaction between the shallow continental shelf and surface gravity waves. This suggests that noise levels of the single frequency peak near New Zealand may differ from those observed in the Hawaii region [Stephen et al., 2003] where the continental shelf is absent. In addition, as station depths vary from over 4 km to about 500 m, the infragravity wave peak shifts toward higher frequency at shallower depth and interferes with the single-frequency peak, affecting the noise levels of the single-frequency peak.
[12] The maximum amplitudes of microseismic peaks between OBS stations offshore the east and west coasts of New Zealand are about the same, A depth dependence of the peak frequency of infragravity waves is clear. Thick gray lines are the high and low noise model from Peterson [1993] . The gray shaded area gives the range of PDF medians for the 4 land stations on the South Island for comparison. As mentioned in Figure 3 , the recalibration of SIO OBS would result in the log acceleration amplitude PSD shown here increasing by a factor of log 10 (16) = 1.2.
around À100 dB [10log(m 2 /s 4 /Hz)]. However, the frequency of maximum amplitude differs between east coast and west coast OBS stations. For stations in the Tasman Sea, the maximum amplitude is at 2-5 s period, while in the Pacific Ocean the peak period is at about 5 s. The slight period shift of the microseism peak may be due to ocean climate differences. It has been noticed for a long time that peaks of microseisms evolve in concert with the local wind wave spectrum [Webb, 1998 , and references therein] and the variability of microseism in period bands has also been noticed and studied [Aster et al., 2008] . For both the eastern and western stations, near 1 s, horizontal components have higher noise levels than that the vertical component (Figure 3) , which is probably due to short-wavelength shear modes and instrument coupling resonances [e.g., Webb, 1998; Olofsson, 2010] .
Infragravity Wave and Noise Notch Bands
[13] Infragravity waves are water-borne surfacegravity waves at periods longer than the swell and wind-driven waves (frequencies <0.03-0.04 Hz) [e.g., Webb et al., 1991] . The vertical-component PSDs show a prominent infragravity wave peak with strong depth dependence (Figure 3) , as do the DPG channels (Figure 4) . On the horizontal seismic components the infragravity wave peak is obscured by noise (Figure 3) , though deep sites tend to have lower noise levels in general. The reason is that seafloor-currents induce ground tilt, which increases the noise levels on horizontal components as mentioned earlier.
[14] The deeper the station, the longer the period the infragravity wave peak. This is expected as the pressure signal at the seafloor of depth H is related to the surface wave height h by
where k is the wave number (k = 2p/l) and r is water density. If one assumes that the pressure fluctuations are caused by freely traveling surface gravity waves, the dispersion relation can be used to determine the wave number
where w is angular frequency of the infragravity wave. If we take the product of k and H as one parameter A, equation (2) becomes
[15] Now frequency f is proportional to H
À1/2
, when considering A as a parameter. The peak frequency versus depth can be approximated by the relation f p = 0.59H À1/2 , which gives k o H = 1.5 at the peak frequency (Figure 5a ). [16] As the wave number k o = 2p/l, the result of a constant k o H = 1.5 suggests that infragravity waves have a characteristic wavelength proportional to the inverse of the in situ depth at the seafloor, l o = (4p/3)H. This means that when water depth is known, the wavelength of the infragravity wave that generates the maximum amplitude in the seismic acceleration PSD is predictable. The constant k o H for the seismic infragravity peak can also be used to determine the phase (c = w/k and equation (3)) and group velocity
of the infragravity wave with the characteristic wavelength l o at different depths. The phase velocity is a function of H, 2.43 ffiffiffiffi H p , and for the group velocity u g, it is 1.58 ffiffiffiffi H p , given k o H = 1.5 (Figure 5b) . The k o H value of 1.5 obtained in this study is similar to the value of k o H of 1.4 found in French Polynesia and the Philippine Sea [Sugioka et al., 2010] .
[17] The plots of DPG power spectral densities in the infragravity wave band also show a depth dependent trend with period (Figure 4 ), although the infragravity wave peak is less well defined. The infragravity peaks in seismic acceleration PSDs (Figure 3 ) correspond to deflections in DPG PSDs. As station depth decreases, the deflection point goes to a shorter period (Figure 4) . The deflection point is up to 60 dB [10log(Pa 2 /Hz)] higher than the noise levels in the noise notch, which can be as low as [18] Infragravity waves recorded on both the seismic vertical channel and the pressure channel can be used to obtain seafloor shear modulus and hence shear velocity [e.g., Yamamoto and Torii, 1986; Crawford et al., 1991] . The infragravity waves behave like harmonic sources for seafloor accelerations on the OBS seismometers. By measuring how much the seafloor deforms as a function of the water wavelength, the subsurface structure as a function of depth can be determined .
[19] When the ground acceleration reaches its peak over the infragravity wave band, that acceleration peak corresponds to the deflection point of the pressure PSDs, where the value of seafloor load (pressure) just turns to a plateau. The peak acceleration not corresponding to a maximum load is caused by the transfer function between the pressure and the seafloor vertical deformation [Webb and Crawford, 1999] . The relation of k o H = 1.5 for the infragravity wave peak on seismic vertical acceleration PSD suggests that the infragravity wave, which excites the highest seafloor acceleration, has a characteristic wavelength proportional to the inverse of the in situ depth at the seafloor, l o = (4p/3)H.
[20] The frequency band bounded by the infragravity waves at 0.03 Hz and the microseisms at 0.1 Hz, is the so-called "noise notch" [e.g., Webb, 1998 ].
The short-period cutoff of infragravity waves is the long-period cutoff of the noise notch. Figure 5 shows the depth dependence of the periods of shortperiod cutoff. Using equation (3), the relationship between the site depth and the periods of the shortperiod cutoff can be expressed as f s = 1.5H
À1/2 , which gives the value of the product of the wave number and water depth kH as 9.1. The value of kH for the short-period cutoff of infragravity waves is 10.1 in Monterey Bay [Dolenc et al., 2005] . The noise notch is important for long period seismic body and surface wave studies because there are no major noise sources in this band thus yielding a larger signal-to-noise ratio for seismic waves in this band. Stations NZ02 and NZ03, which are deeper than 4000 m, have noise notches between 20 s and 50 s with power levels as low as À184 and [21] Although the period of the peak and shortperiod cutoff of infragravity waves decreases with site depth (Figure 5a ), the difference of noise power between the peak and the short-period cutoff on vertical acceleration PSDs stays constant at about À20 dB [10log(m 2 /s 4 /Hz)] (Figure 5c ). The experimental depth dependence of the maximum amplitude Figure 5 . (a) Observed frequency of infragravity wave peak (red squares) and noise notch (blue circles) versus depth for vertical seismic component OBS. The data is well fit with the relation f p = 0.59H À1/2 for the peak frequency (red) and f s = 1.5H À1/2 for the short-period cutoff (blue), giving values of kH of 1.5 and 9.1, respectively. R 2 refers to the square of the correlation coefficient between the data points and the fitting line. When R is AE1, the fitting is perfect. The bandwidth between the peak and the short-period cutoff at each depth is shown in green triangles. (b) Estimated phase (red) and group (blue) velocity of infragravity wave as a function of water depth, given k o H = 1.5. (c) Observed maximum spectral amplitudes of the infragravity wave at peak frequency (red squares) and minimum spectral amplitude of the noise notch (blue circles) versus depth for each OBS site. The difference between the two values for each depth is in green triangles.
of infragravity peak and the minimum amplitude of noise notch in the PSDs are obtained from our analysis (Figure 5c ). The experimental depth dependence can be used to estimate the expected amplitudes of infragravity peak and noise notch in the PSDs, which is useful for the design of OBS experiments. [22] In addition to quantifying ambient noise offshore New Zealand, we obtain two general results regarding the characteristics of infragravity waves. First, our results present a clear depth dependence of infragravity wave peak frequency (Figure 5 ), described by the relationship k o H = 1.5. Thus infragravity waves have a characteristic wavelength at their peak frequency, and this relationship can be used to determine phase and group velocity of the infragravity wave. Second, the equations that we have determined to describe the depth dependence of the maximum noise level of the infragravity peak and the minimum noise level of noise notch can be used to estimate noise levels at any depth. These relations can be used in OBS experiment design and planning. Future work will explore whether these relations derived from offshore New Zealand apply to other oceans.
Conclusions

